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Abstract 

We study the implication of the LHC Higgs search results on the Type II Two Higgs-Doublet 
Model. In particular, we explore the scenarios in which the observed 126 GeV Higgs signal is 
interpreted as either the light CP-even Higgs hP or the heavy CP-even Higgs H°. Imposing both 
theoretical and experimental constraints, we analyze the surviving parameter regions in run (ink), 
via, Tnjj±, tan/3 and sin(/3 — a). We further identify the regions that could accommodate a 126 
GeV Higgs with cross sections consistent with the observed Higgs signal. We find that in the 
h°-126 case, we are restricted to narrow regions of sin(/3 — a) ~ ±1 with tan/3 up to 4, or extended 
regions in sin(/3 — a) with tan/3 < 1. The values of mu, nriA and m#±, however, are relatively 
unconstrained. In the H°-126 case, we are restricted to a narrow region of sin(/3 — a) ~ with tan /3 
up to about 7, or an extended region of sin(/3 — a) between —0.6 to —0.1, with tan /3 extended to 30 
or higher, and mjj± are nearly degenerate due to Ap constraints. Imposing flavor constraints 
shrinks the surviving parameter space significantly. We also investigate the correlation between 
77, VV and bb/rr channels. 77 and VV channels are most likely to be highly correlated with 
77 : VV ~ 1 for the normalized cross sections. 
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I. INTRODUCTION 



The discovery of a resonance at 126 GeV with properties consistent with the Standard 
Model (SM) Higgs boson in both the ATLAS [U [2] and CMS experiments 0, H] is undoubt- 
edly the most significant experimental triumph of the Large Hadron Collider (LHC) to date. 
The nature of this particle, as regards its CP properties and couplings, are currently being 
established jH [5] . Though further data would undoubtedly point us in the right direction, 
at this point it is useful to explore the implication of the current Higgs search results on 
models beyond the SM. There are quite a few models that admit a scalar particle in their 
spectrum and many of them can have couplings and decays consistent with the SM Higgs 
boson. Thus it behooves us to constrain these models as much as possible with the Higgs 
search results at hand. 

One of the simplest extensions of the SM involves enlarged Higgs sectors. This can be done 
by simply adding more scalar doublets, or considering Higgs sectors with more complicated 
representations. In the work, we will study the Two Higgs-Doublet Models (2HDM) that 
involves two scalar doublets both charged under the SM SU(2) L x U(l)y gauge symmetries 
[HH9]. The neutral components of both the Higgs fields develop vacuum expectation values 
(vev), breaking SU(2)x x U(l)y down to U(l) cm . Assuming no CP-violation in the Higgs 
sector, the resulting physical spectrum for the scalars is enlarged relative to the SM and 
includes light and heavy neutral CP-even Higgses (h° and H°), charged Higgses (H ), and 
a pseudoscalar A . In addition to the masses, two additional parameters are introduced in 
the theory: the ratio of the vevs of the two Higgs fields (tan/3), and the mixing of the two 
neutral CP-even Higgses (sin a). 

There are many types of 2HDMs, each differing in the way the two Higgs doublets couple 
to the fermions (for a comprehensive review, see [6]). In this work, we will be concentrating 
on the Type II case, in which one Higgs doublet couples to the up-type quarks, while 
the other Higgs doublet couples to the down-type quarks and leptons. This model is of 
particular interest as it shares many of the features of the Higgs sector of the Minimal 
Supersymmetric Standard Model (MSSM). This enables us to translate existing LHC SUSY 
results to this case. Before proceeding, we point out that over the last few months, there 
have been various studies on the 2HDM based on the recent discovery [TOl - 120] . While most 
studies concentrated on finding regions of parameter space that admit ax Br values reported 
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by the LHC experiments in various channels, some also looked at correlations between the 
various decay channels. The authors of Ref. [TU] and Ref. [UJ did the initial study of 
looking at the tan/3 — sin a plane where the observed Higgs signal is feasible, interpreting 
the discovered scalar as either the light or the heavy CP-even Higgs boson. Ref. [T2T4T6] fit 
the observed Higgs signals in various 2HDM scenarios, taken into account theoretical and 
experimental constraints. Ref. [17] also paid careful attention to various Higgs production 
modes. Ref. [18] focused on the CP-violating Type II 2HDM. Ref. [19] studied the case of 
nearly degenerate Higgs bosons. In addition, Ref. [2D] investigated the possibility that the 
signal could correspond to the pseudoscalar A - in this context, it is worth remarking that 
Ref. [21J considered the pseudoscalar interpretation of the observed 126 GeV resonance and 
found that while it is strongly disfavored, the possibility is not yet ruled out at the ha level. 1 

In the present paper, we extended the above analyses by combining all the known ex- 
perimental constraints (the LEP, Tevatron and the LHC bounds) with the theoretical ones 
(perturbativity, unitarity, vacuum stability, and Ap), as well as flavor constraints. A unique 
aspect of the present work is that our analysis looks at combinations of all parameters of 
the theory to identify regions that survive all the theoretical and experimental constraints. 
We further focus on regions that could accommodate the observed Higgs signal as either the 
light or the heavy CP-even Higgs, and are thus interesting from a collider study perspective. 
This enables us to draw conclusions about correlations between different masses and mixing 
angles to help identify aspects of the model that warrant future study. 

We start by briefly introducing the structure and parameters of the Type II 2HDM in 
Section |TTJ In Sec. HI, we discuss the theoretical constraints and experimental bounds, and 



outline our analysis methodology. In Sec. IV, we present our results for the light CP-even 



Higgs being the observed 126 GeV SM-like Higgs boson, looking at surviving regions in 
various combinations of free parameters. In Sec. W\ we do the same for the heavy CP-even 



Higgs as the observed 126 GeV SM-like Higgs boson. In Sec. VI, we explore the implications 
for the Vector Boson Fusion (VBF) or VH associated production, and decays of Higgs into 
bb and rr channels. We conclude in Section IVHl 



1 The latest experimental results indicate that the pseudoscalar interpretation of the 126 GeV excess is 
disfavored [H[S]. 
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II. TYPE II 2HDM 



In this section, we briefly describe the Type II 2HDM, focusing on the particle content, 
Higgs couplings, and model parameters. For more details about the model, see Ref. [B] for 
a recent review of the theory and phenomenology of 2HDM. 



A. Potential, Masses and Mixing Angles 

Labeling the two SU(2) L doublet scalar fields $1 and $2, the most general potential in 
the Higgs sector can be written down in the following form: 

V($i, $ 2 ) = mj^i + m22$2$2 - m? 2 (*l $ 2 + h.c.) 

+ ^A 1 ($ t 1 $ 1 ) 2 + l -\ 2 {^ 2 ) 2 + A 3 ($I$i)($5$ 2 ) + A 4 ($ t 1 $2)($ 2 ^i) 
+ ^{A 5 ($ t 1 $ 2 ) 2 + h.c.} + { [A 6 ($t$i) + A 7 ($S$ 2 )] (^$2) + h.c.}. (1) 
We impose a discrete Z 2 symmetry on the Lagrangian, the effect of which is to render 
^i2,A6,Ay = 2 . After electroweak symmetry breaking (EWSB): (05) = Ui/v2, (0°) = 
V2/V2 with ^/vj + v\ =246 GeV, we are left with six free parameters, which can be chosen 
as the four Higgs masses (m/,, mjj, m A, nriH±), a mixing angle sin a between the two CP-even 
Higgses, and the ratio of the two vacuum expectation values, tan/3 = v 2 jv\. 
Writing the two Higgs fields as: 

•<=( 4 ) (2) 

\iyi + 4>i+iGi)ls/2j 
the mass eigenstates of the physical scalars can be written as: 

cos a sin a \ / 4>\\ A = — Gi sin /3 + G 2 cos/3 
— sin a cos a ) \4>2 I H ± = — (f)f sin/3 + 2 cos/3 
For our purposes, it is useful to express the quartic couplings A1...5 in terms of the physical 
Higgs masses, tan and the mixing angle a: 

m 2 H cos 2 a + sin 2 a m 2 H sin 2 a + ml cos 2 a . . 

^ X = 2 2~tf ' ^ 2 = 2 2~tf W 

ir cos^ p ir cos z p 

sin 2a{m 2 H — mfy + 2 sin 2/3 rn 2 H ± m 2 A — 2m 2 H± m 2 A 

A3 = 5 — : — W7, ) ^4 = , A5 = — . (5) 




v 2 sin 2/3 v 2 v 



2 Ref. |13j . which also addresses similar issues as in this paper, allowed for a soft breaking of the Z2 symmetry 
with mf 2 ^ 0. In this paper, we don't consider such soft-breaking terms. 
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tVV 
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cos a/ sin/3 
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sin a / sin /3 




cot/3 




— sin a / cos j3 
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cos a/ cos /3 


«-cM 


tan/3 



TABLE I: The multiplicative factor £ by which the couplings of the CP-even Higgses and the CP- 
odd Higgs to the gauge bosons and fermions scale with respect to the SM value. The superscripts 
u, d, I and VV refer to the up-type quarks, down-type quarks, leptons, and WW/ZZ respectively. 



The couplings of the CP-even Higgses and CP-odd Higgs to the SM gauge bosons and 
fermions are scaled by a factor £ relative to the SM value - these are presented in Table |T} 
In order to translate the ATLAS and CMS limits, we need to pay particular attention to 
the couplings of the light (heavy) CP-even Higgs to the SM gauge bosons (controlling the 
partial decay width of WW, ZZ as well as 77 channels) and to the top quark (controlling 
the gluon fusion production cross section), as well as to the bottom quark (controlling the 
bb partial decay width, which enters the total decay width as well). From Table [TJ we see 
that the relevant couplings are proportional to sin(/3 — a) (cos(/3 — a)), 1/ sin/3 and 1/ cos/3. 
Thus, even though it is customary to look at the combination of parameters (sin a, tan /3), 
we present our results in Sec. IV and [V] using sin(/3 — a) and tan/3 as the independent 
parameters (in addition to the masses of the physical Higgses) to manifest the effects on 
the Higgs couplings to gauge bosons. Using sin(/3 — a) instead of sin a has the additional 
advantage of being basis- independent, as explained in Ref. [22] . 



III. CONSTRAINTS AND ANALYSES 



A. Theoretical and Experimental Constraints 

To implement the various experimental and theoretical constraints, we have employed two 
programs: the 2HDM Calculator (2HDMC) (23] to calculate the Higgs couplings, compute all 
the decay branching fractions of the Higgses, and implement all the theoretical constraints; 
and HiggsBounds 3.8 [2H - T26] to consistently put in all the experimental constraints on the 
model. Here, we briefly describe the list of theoretical and experimental bounds that are of 
interest. 
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Theoretical Constraints: 



• Vaccuum Stability: This implies that the potential should be bounded from below, 
which is translated to various conditions for the quartic couplings in the Higgs potential 
[2?] : Ai > 0, A 2 > 0, A 3 > -VA1A2, and A 3 + A 4 - |A 5 | > -VAiA 2 . With Eqs. Q and 
([5]), the above requirements serve to constrain the Higgs masses and angles. 

• Perturbativity: 2HDMC imposes constraints on the physical Higgs quartic couplings, 
specifically demanding that \hihjh k hi < 4vr to stay inside the perturbative regime. Note 
that even though these are different from the As in the Higgs potential in Eq. Q, we 
can still use Eqs. Q and @ as rough guides to understand the perturbative bounds, 
as we will do in later sections to explain the features of our results. 

• Unitarity: It is well known that in the SM, the scattering cross section for the longi- 
tudinal W modes is unitary only if the Higgs exchange diagrams are included. Since 
the couplings of the Higgs are modified in the 2HDM, we need to ensure unitarity 
by demanding that the S matrix of all scattering cross sections of Higgs— Higgs and 
Higgs— Vl (where Vl is either Wl or Z£) have eigenvalues bounded by 16tc [28J. 

• Ap: The p parameter is defined as p = w 3 ^3 g w , where 6w is the Weinberg angle. 
The tree level value for p is one in the SM, while it receives radiative correction from 
both the SM sector and new physics, p has been measured very precisely via Z-pole 
precision observables to be very close to one [2H], which imposes a strong constraint 
on the amount of custodial symmetry breaking in the new physics sector. In the 
case of 2HDM, the mass difference between the various Higgses are therefore highly 
constrained [30], which leads to interesting correlations between some of the masses, 
as will be demonstrated in Sec. HVland Sec. [V] 

Experimental Constraints: The LHC experiments have searched for the SM Higgs 
in 77, ZZ, WW, tt and bb channels. Both the ATLAS and CMS collaboration have 
reported the observation of a new resonance at a mass of around 126 GeV with more than 
5cr significance [IHH EU [32] . The production cross sections and partial decay widths of the 
2HDM Higgses to the various SM final states differ from that of the SM Higgs, which can 
be obtained using the coupling scaling factors £ from Table |T| Thus, we can identify the 
regions in parameter space where the signal cross sections are compatible with the Higgs 
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signal observed at the ATLAS and CMS collaborations. We can also translate the exclusion 
bounds on the Higgs search to the ones in the 2HDM. We used HiggsBounds 3.8 to impose 
the exclusion limits from Higgs searches at the LEP and the Tevatron [3"5H3"T] . We also 
incorporated the latest Higgs search results at the LHC [2] HJ [3H |32j [38] [39] . 

We also considered flavor constraints to show the effects on the available parameter spaces 
once bounds from flavor sector are imposed in addition to the ones described. To do this, we 
employed the program Superlso 3.3 [ID], which incorporates, among other things, bounds 
from B — > X s 7, AM^, D s — > tv t and B — > fi + {i~ [41-43J. A summary of flavor bounds 
can be found in Ref. [44]. Flavor constraints on the Higgs sector are, however, typically 
more model-dependent. Therefore, our focus in this work is mainly on the implication of 
the Higgs search results on the Type II 2HDM, and we only impose the flavor bounds at the 
last step to indicate how the surviving regions further shrink. 

B. Analysis Method 

In our analyses, we considered two scenarios: 

• h°-126 case with m h = 126 GeV, 

• H°-12Q case with m H = 126 GeV. 

and scanned over the entire remaining parameter space varying m# (or m^), ttla, rnH+, tan f3 
and sin(/3 — a): 



20 GeV < 


m A ,m H ± 


< 900 GeV 


in steps of 20 GeV, 


(6) 


-1 < 


sin(/3 — a) 


< 1 


in steps of 0.05, 


(7) 


1 - 126 case : 0.25 < 


tan /3 


< 5 


in steps of 0.25, 


(8) 


126 GeV < 


m H 


< 900 GeV 


in steps of 20 GeV, 


(9) 


H° - 126 case : 1 < 


tan j3 


< 30 


in steps of 1, 


(10) 


6 GeV < 


m h 


< 126 GeV 


in steps of 5 GeV. 


(11) 



We used the 2HDMC 1.2beta [23] which tested if each parameter point fulfills the theoretical 
and experimental constraints implemented in HiggsBounds 3.8. New LHC results that are 
not included in HiggsBounds 3.8 were implemented in addition. We further required either h° 
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or H° to satisfy the cross section requirement for 77, WW and ZZ channels to accommodate 
the observed Higgs signal: 

a(gg -> h°/H° 77) -> ->■ WW/ZZ) . , 

0.9 < - — < 2.2, 0.2 < '- '- < 1.4. (12) 

CSM CSM 

The lower end of the ranges come from the lower limits of 95% CL. range for the observed 
Higgs signal strength [2], 0], while the upper end of the ranges come from the 95% CL. 
exclusion bounds from Higgs searches [3TJ E2], which are stronger than the 95% CL. signal 



range. In the last step we imposed the flavor bounds on all points that satisfy Eq. (12) using 
the Superlso 3.3 program to study the consequence of the flavor constraints. 

IV. LIGHT HIGGS AT 126 GEV 
A. Cross sections and Correlations 

Before presenting the results of the numerical scanning of parameter regions with all the 
theoretical and experimental constraints imposed, let us first study the tan (3 and sin(/3 — a) 
dependence of the cross sections for the major search channels at the LHC: gg — > h° — > 
jj,WW/ZZ. Both production cross sections and decay branching fractions are modified 
relative to the SM values: 

a x Br(gg -»■ h° -> XX) _ a(gg -»■ h°) Br(h° XX) 

SM ~ ^ X Br(/i SM ^XX)' ( } 

for XX = 77, VV. Note that since the WW and ZZ couplings are modified the same way 

in the Type II 2HDM, we use VV to denote both WW and ZZ channels. 

The ratio of the gluon fusion cross section normalized to the SM value can be written as: 

a(gg ->■ h°) _ cos 2 a sin 2 a \A 1 / 2 (T b )\ 2 

"^h?^ + COS 2 /3|A /2 (n)|2 ( } 



cos(/3 — a) 
tan (3 



+ sin(/3 — a) 



+ [cos 03 — a)tan (3 — sin(/3 — a)] 2 j b }} (15) 

\Al/2{Tt)\ 2 



The expression for the fermion loop functions Ai^^t^b) can be found in Ref. [30] • The 



first term in Eq. (14) is the top- loop contribution, and the second term is the bottom-loop 
contribution. In the SM, the top-loop contributes dominantly to the gluon fusion diagram, 
while the bottom-loop contribution is negligibly small. The situation alters in type II 2HDM 
for large tan (3, when the bottom-loop contribution can be substantial due to the enhanced 
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bottom Yukawa [10]. We also rewrite it in sin(/3 — a), cos(/3 — a) and tan/3 in Eq. (15) to 
make their dependence explicit. 
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FIG. 1: The normalized gg — > h° production cross section contours (left panel) and h° — > VV 
(solid lines of the right panel) and h° — > 77 (dashed lines of the right panel) branching fractions 
in the h°-126 case. The contour lines are cr/asM, Br/BrgM = 0-5 (green), 1 (red), and 2 (blue). 



In the left panel of Fig. [TJ we show contours of a/asM for the gluon fusion: a/asM = 0.5 
(green), 1 (red), and 2 (blue). While contours of ct/ctsm > 1 accumulate in sin(/3 — a) ~ — 1 
region, there is a wide spread of the contours for sin(/3 — a) > 0. For most regions of 
sin(/3— a) < 0, gg — > h° is suppressed compared to the SM value due to cancellations between 



the cos(/3 — a) and sin(/3 — a) terms in the top Yukawa coupling, as shown in Eq. (15). Note 
that we have shown the plots only for tan < 4 since the model is perturbatively valid only 
for tan /3 < 4, as will be demonstrated below in the results of the full analysis. 
The h° decay branching fractions h° — > VV, 77 can be written approximately as 



Br(h° ->• XX) 
Br(h SM XX) T 

total 



-pSM 

XX total ^ 



sin 2 (/3-a) 



pSM 
1 XX 



sm 2 (/3-a)Br(/ lSM ->VV)+^^Br(fcsM->b6)+.. 

r(fe°^77)/r(fe S M^7 7 ) 

sin 2 (£-a)Br(/i SM -> VV )+ ^7 Bv(h SM ^bV)+^. 



(16) 



." to 



where we have explicitly listed the dominant bb and WW/ZZ channels and used "+ 
indicate other sub-dominant SM Higgs decay channels. 

In the right panel of Fig. [TJ we show contours of Br/Br SM for VV (solid lines) and 77 



(dashed lines) channels. Both VV and loop induced (dominantly VF-loop) 77 channels 
exhibit similar parameter dependence on tan/3 and sin(/3 — a) since both channels are dom- 
inantly controlled by the same h°VV coupling. While contours of Br/BrsM ^ 1 appear near 
sin(/3 — a) ~ ±1 for unsuppressed h°VV couplings, h — > 77 shows some spread for negative 
sin(/3 — a) and small tan/3 due to the correction to top Yukawa in the loop-indued h 0/ -fj 
coupling. 
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FIG. 2: cr x Br/SM for the processes gg h° 77 (left), and gg h° WW/ZZ (right) in 
the /i°-126 case. The contour lines are a x Br/SM = 0.5 (green), 1 (red), and 2 (blue). The shaded 
gray are regions where cross sections of 77 and WW j ZZ channels satisfy Eq. (|12[) . 



Combining both the production and the decay branching fractions, we present the con- 
tours of a x Br/SM in Fig. |2]for 77 (left panel) and VV (right panel) for a x Br/SM = 0.5 
(green), 1 (red), and 2 (blue). Once we demand that the cross sections for these processes be 



consistent with the experimental observation of a 126 GeV Higgs, as given in Eq. (12), the 



allowed regions of parameter space split into five distinct regions, as indicated by the shaded 
gray areas. There are two narrow regions one each at sin(/3 — a) = ±1 (the gray regions over- 
lap with the picture frame boundary therefore hard to see), one region near sin(/3 — a) = +1, 
and two extended regions spanning the entire range of sin(/3 — a) for tan (3 < 1. In what fol- 
lows, we will display separate plots for positive and negative sin(/3 — a) to show the different 
features that appear in these two cases. 
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a x Br/SM (gg -> h° -> VV) a x Br/SM (gg h° VV) 



FIG. 3: a x Br/SM for — > /i° — >■ 77 versus gg — >• /i° — >• W for negative sin(/3 — a) (left panel), 
and positive sin(/3 — a) (right panel) in the hP-126 case. Color map indicates the density of points 
with red being the most dense region and blue being the least dense region. The hatched region is 
excluded by the current Higgs searches in the 77, WW and ZZ channel at 95% C.L. [31], [32]. The 
horizontal and vertical dashed lines indicate the lower end of the normalized signal cross section 
ranges of 77 and VV channels being 0.9 and 0.2, respectively [H 0]. 

In Fig. [3j we show the correlations for a x Br/SM for the 77 channel against VV, for 
negative (positive) values of sin(/3 — a) in the left (right) panel as a density plot. Color 
coding is such that the points in red are the most dense (i.e., most likely) and points in blue 
are the least dense (i.e., less likely). For negative sin(/3 — a), there are two branches: one 
region (more likely) along the diagonal line with 77 : VV ~ 1 and cr 77 < 1; another region 
(less likely) in the upper-half plane where 77 : VV > 2 and <t 77 extends to 2 or larger. These 
can be mapped on to specfic regions in Fig. [2] - while the diagonal region corresponds to 
the sin(/3 — a) = —1 branch, the other branch in which the VV is suppressed relative to 77 
corresponds to the extended sin(/3 — a) region with small tan/3. 

For positive values of sin(/3 — a), the diagonal region is most probable, with 77 : VV ~ 1 
and <r 77 possibly extending over a large range. Branches with <r 77 or oyy ~ are strongly 
disfavored given the current observation of the Higgs signal. 

Superimposed on both figures are the latest ATLAS and CMS results on the windows of 
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cross sections for 77, WW and ZZ as given in Eq. (12). Note that these signal windows 
are also sketched in Fig. [2] as the shaded gray regions. Concentrating on the regions favored 
by experiments (bounded by the horizontal and vertical lines in Fig. [3]), we see that in the 
sin(/3 — a) < case, the most likely regions are the ones with 77 : VV ~ 1 and a 77 ~ 1. 
About an order of magnitude less likely is the region with 77 : VV > 2 and a 77 > 0.9 
and ayv ^ 0.4. For positive values of sin(/3 — a), the most likely region is the one where 
77 : VV ~ 1 with o" 77 yy between 0.9 to 1.4. 

Thus we see that for all values of sin(/3 — a), the VV and 77 channels are highly positively 
correlated 3 and this fact serves as an important piece of discrimination for this model as 
more data is accumulated. Most of the points falls into 77 : VV ~ 1 with the cross section 
of both around the SM strength. It is possible, though very unlikely, that there are regions 
in negative sin(/3 — a) and small tan/3 < 1 with 77 : VV > 2 and possible significant 
enhancement of the 77 rate over the SM value. 

The above analyses illustrate the cross section and decay branching fraction behavior of 
the light CP-even Higgs when it is interpreted as the observed 126 GeV SM-like Higgs, using 



the approximate formulae in Eqs. (14) - (16). Note that we have only included the usual SM 



Higgs decay channels in T tot in Eq. (16). While it is a valid approximation in most regions 
of the parameter space, it might break down when light states in the spectrum open up new 
decay modes or introduce large loop contributions to either gg — > h° or h° — > 77. In our 
full analysis presented below with scanning over the parameter spaces, we used the program 
2HDMC, which takes into account all the decay channels of the Higgs, as well as other loop 
corrections to the gluon fusion production or Higgs decays to 77. 



B. Parameter spaces 

Fixing rrih = 126 GeV still leaves us with five parameters: three masses, m#,m^,m#±, 
and two angles tan /3 and sin(/3— a). Varying those parameters in the ranges given in Eqs. @- 
(J9|, we study the remaining parameter regions satisfying all the theoretical and experimental 
constraints as well as regions that are consistent with the observed Higgs signal. 

The left panel of Fig. [4] shows the viable regions in tan/3 versus sin(/3 — a) plane when 

3 This agrees with the results of [T5] . 
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FIG. 4: Parameter regions in the /i°-126 case for tan (5 versus sin(/3 — a) (left panel) and sin(/3 — a) 
versus ran (right panel). We show regions excluded by stability, unitarity and perturbativity 
(dark blue), Ap (light blue), LEP results (green), Tevatron and LHC results (yellow). Regions 
that survive all the theoretical and experimental constraints are shown in red. Also shown in 
dark red are regions consistent with the light CP-even Higgs interpreted as the observed 126 GeV 



scalar resonance, satisfying the cross section requirement of Eq. (12) for gg — > h° — > 77, WW/ZZ. 



Regions enclosed by the black curves are the ones that survive the flavor constraints. 

various theoretical constraints and experimental exclusions are imposed sequentially. The 
red regions are those that satisfy all the constraints. Also shown in dark red are regions 
consistent with the light CP-even Higgs interpreted as the observed 126 GeV scalar particle, 



satisfying the cross section requirement of Eq. (12) for gg — » h° — >■ 77, WW/ZZ. The signal 
regions (two narrow regions at sin(/3 — cv) = ±1, one region near sin(/3 — a) = 1 and two 
extended regions for tan (3 < 1) agree well with the shaded region in Fig. [2j Regions with 
tan (3 > 4 are excluded by perturbative bounds since one of Ai j2 becomes non-perturbative 
for larger value of tan/3 (cos/3 — )■ 0), as shown in Eq. Q. Consequently, the bottom loop 
contribution to the gluon fusion production cross section [6] is not a major factor for the 
h°-126 case. 

To further explore the flavor constraints, we show in Fig. [4] the regions enclosed by the 
black curves being those that survive the flavor bounds. We see that the flavor constraints 
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reduce the five signal regions down to three. The extended regions around tan f3 < 1 are 
disfavored by flavor consideration, which agree with previous works (TSJ HI] . Regions near 
sin(/3 — a) ~ ±1 still remain viable after all the considerations. 

The right panel of Fig. |4]shows the allowed region in the sin(/3 — a) — ran plane. Imposing 
all the theoretical constraints, in particular, the perturbativity requirement, translates into 
an upper bound on ran of around 750 GeV. Higgs search bounds from the LHC removes 
a large region in negative sin(/3 — a), mostly from the stringent bounds from WW and 
ZZ channels for the heavy Higgs. The positive sin(/3 — a) region is less constrained since 
gg — > H° — y WW/ZZ are much more suppressed. Requiring h° to fit the observed Higgs 
signal further narrows down the favored region, as shown in dark red. For sin(/3 — a) = ±1, 
rxiH could be as large as 600 GeV. For 0.6 < sin(/3 — a) < 1, ran is constrained to be less 
than 300 GeV. For the extended region of 0.1 < sin(/3 — a) < 0.4, ran extends to around 500 
GeV, while for — 1 < sin(/3 — a) < —0.3, m H is restricted to be less than 180 GeV. Imposing 
the flavor constraints further narrows down the regions to strips at sin(/3 — a) = ±1 and a 
region at 0.6 < sin(/3 — a) < 1. The correlation between m H and sin(/3 — a) indicates that if 
a heavy CP-even Higgs is found to be between 500 and 600 GeV, sin(/3 — a) is constrained to 
be very close to ±1, indicating the light Higgs having SM-like couplings to the gauge sector. 




CO. 




m H [GeV] 



m H [GeV] 



FIG. 5: Parameter regions in the /i°-126 case for tan/3 versus run with sin(/3 — a) < (left panel) 
and sin(/3 — a) > (right panel). Color coding is the same as Fig. |4j 
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In Fig. [5j we present the parameter regions for tan (3 versus mu with sin(/3 — a) < (left 
panel) and sin(/3 — a) > (right panel). Regions with large uih are typically realized for 
small tan ft roughly between 1 and 2. There are also noticeable difference for positive or 
negative sin(/3 — a) for regions that survive all the experimental constraints (red regions). 
Negative sin(/3 — a) allows larger values of tan/3 for a given mass of mu- Small values of 
tan/3 is disfavored by the flavor constraints, in particular, Am^, as pointed out in Ref. [H]. 




Fig. [6] shows the parameter regions in sin(/3 — a) versus (left panel) and rriA (right 
panel). The signal regions exhibit similar features as the sin(/3 — a) versus run plot in the 
right panel of Fig. |4j Note that for negative sin(/3 — a) between —0.4 to —0.1, only regions 
with rriA < 60 GeV survive the LHC Higgs search bounds. This is because H° — > A A 
open up in this region, which leads to the suppression of H° —> WW/ZZ to escape the 
experimental constraints. The corresponding surviving region in 120 GeV < m^± < 250 
GeV is introduced by the correlation between rriA and due to Ap constraints. Imposing 
the cross section requirement for h° to satisfy the Higgs signal region results in four bands 
in both rriA and m#±. Only small rriA ~ 60 GeV, and m#± between 120 and 250 GeV are 
allowed in the extended region in negative sin(/3 — a), while larger values for and 
can appear in the other regions. Imposing the flavor constraints leaves > 300 GeV 



15 



open with sin(/3 — a) = ±1 or sin(/3 — a) between 0.6 and 1, while smaller values for tua 
remain viable at sin(/3 — a) = ±1. 




m A [GeV] m A [GeV] 

FIG. 7: Parameter regions in the h°-126 case for tan/3 versus m H ± (top panels) and uia (lower 
panels) with sin(/3 — a) < (left panels) and sin(/3 — a) > (right panels). Color coding is the 
same as Fig. [4} 

The allowed regions in the tan — nin± and tan /3 — tua planes share similar features 
before flavor constraints are taken into account, which are shown in Fig. [7j The top two 
panels show the allowed regions in the tan j3—mn± plane for negative and positive sin(/3 — a), 
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while the lower two panels are for tan j3 — ttia- LEP places a lower bound on the charged 
Higgs mass around 80 GeV ES]- In the signal region for sin(/3 — a) < 0, both m H ± 
and rriA are less than about 600 GeV, while their masses could be extended to 800 GeV for 
sin(/3 — a) > and tan/3 > 1.5. The difference between the rriA range for different signs 
of sin(/3 — a) can be explained as follows: regions with rriA > 600 GeV can only occur for 
| sin(/3 — a) | between 0.4 and 0.8, as shown in the right panel of Fig. [6j The Higgs signal 
region of tan/3 versus sin(/3 — a) (left panel of Fig. [4]) shows that to simultaneously satisfy 
both the tan/3 range and sin(/3 — a) range, only positive sin(/3 — a) case survives. 

Flavor bounds, as expected, have a marked effect here ruling out any value ofm H ± < 300 
GeV for all values of tan/3, mainly due to the b — > s'j constraint. For the CP-odd Higgs, 
only a corner of tan /3 > 2 and tua < 300 GeV is excluded, due to the combination of flavor 
and Ap constraints. As shown in Fig. [5j only relatively light m# < 300 GeV is allowed for 
tan /3 > 2. The flavor constraints of m#± > 300 GeV is then translated to rriA ^ 300 GeV 
since the difference between rriA and m^± is constrained by Ap considerations when both 
rrih and m# are relatively small. For tan /3 < 2, m# could be relatively high, which cancels 
the large contribution to Ap from large m#± while allowing itla to be light. 




In Fig. [8j we present the parameter regions in the rriA — itih ± plane for negative and 
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positive values of sin(/3 — a), itla and m#± are uncorrelated for most parts of the parameter 
space. For sin(/3 — a) > when mA,H± could reach values larger than 600 GeV, tan/3 is at 
least 1.5 or larger (see Fig. [7]). m# is restricted to less than 300 GeV in this region, which 
results in a strong correlation between itla and m#± due to the Ap constraints. 




m H [GeV] m H [GeV] 

FIG. 9: Parameter regions in the /i°-126 case for tha versus mn with sin(/3 — a) < (left panel) 
and sin(/3 — a) > (right panel). Color coding is the same as Fig. |4j 



Fig. [9] shows the parameter space in the uia — trh plane for negative (left panel) and 
positive (right panel) sin(/3 — a). These two masses are largely uncorrelated for either sign of 
sin(/3 — a). Note that for sin(/3 — a) > 0, large uia between 600 — 800 GeV is only possible 
for small values of m# < 300 GeV. This is because the corresponding tan/3 is larger than 
1.5, which bounds m# from above. The lower-left corners excluded by flavor constraints 
correspond to the upper-left corners in itla — tan f3 plots in Fig. [7], since at least one of rriA 
or itlh would need to be relatively heavy to cancel the contribution to Ap from m#± > 300 
GeV. 

We conclude this section with the following comments: 

• If h° is the 126 GeV resonance, 77 channel is closely correlated with WW/ZZ. A 
moderate excess in 77 should be accompanied by a corresponding excess in WW/ZZ. 

• Combination of theoretical constraints requires tan /3 < 4. Therefore, the bottom-loop 
enhancement to the gluon fusion [6] is never a major factor. Regions of sin(/3 — a) and 
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tan (3 are highly restricted once we require the light CP-even Higgs to be the observed 
126 GeV scalar particle: tan/3 between 0.5 to 4 for sin(/3 — a) — ±1, tan/3 between 
1.5 to 4 for 0.6 < sin(/3 — a) < 1, or the extended region in sin(/3 — a) with tan f3 < 1. 
The masses of the other Higgses, m#, tua, and m#±, however, are largely unrestricted 
and uncorrelated, except for the region where sin(/3 — a) > and tH ± > 600 GeV, 
which exhibits a strong correlation between these two masses. 

• The discovery of any one of the extra scalars can largely narrow down the parameter 
space, in particular, if the masses of those particles are relatively high. 

• Flavor bounds significantly shrink the allowed parameter space: sin(/3 — a) = ±1 or 
0.6 < sin(/3 — a) < 1. The charged Higgs mass is constrained to lie above 300 GeV. 



V. HEAVY HIGGS AT 126 GEV 

A. Cross sections and Correlations 



It is possible that the 126 GeV resonance discovered at the LHC corresponds to the 
heavier of the two CP-even Higgses, H°. There are a few noticeable changes for the heavy 
H° being the SM-like Higgs boson. First of all, since the coupling of the heavy Higgs to a 
gauge boson pair is scaled by a factor of cos(/3 — a) as opposed to sin(/3 — a), demanding SM- 
like cross sections for H° forces us to consider sin(/3 — a) ~ 0, as opposed to sin(/3 — a) ~ ±1 
in the /i°-126 case. Secondly, as will be demonstrated below, the bottom contribution to the 
gluon fusion production could be significantly enhanced since the range of tan (3 could be 
much larger compared to the h°-12Q case. 



Similar to Eqs. (14) and (15) as in Sec. IV, the ratios of the gluon fusion cross sections 



normalized to the SM can be written approximately as: 
o{gg ->■ H°) sin 2 a cos 2 a \A 1 / 2 (T b )\ 2 



C"SM 



sin 2 /3 cos 2 /3 \A 1/2 {r t ) 



sin(/3 — a) 
tan/3 



cos(/3 — a) 



+ [sin(/3 — a)tan/3 + cos(/3 — a)} 



2 \Ai/2(n)\ : 
I^i/2(t*)| ; 



(17) 
(18) 



Contours of cr/(JsM(gg — > H°) = 0.5(green), 1 (red), and 2 (blue) are shown in the left panel 



of Fig. 10 H° couples exactly like the SM Higgs for sin(/3 — a) = 0, while deviations from 
the SM values occur for sin(/3 — a) away from zero. For sin(/3 — a) < 0, cr/cr SM (fi , 5' — > H°) 
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FIG. 10: The normalized gg — > H° production cross section contours (left panel) and H° — > VV 
(solid lines of the right panel) and H° — > 77 (dashed lines of the right panel) branching fractions 
in the H°-126 case. The contour lines are <j/(Jsm, Br/BrsM = 0.5 (green), 1 (red), and 2 (blue). 

is almost always larger than 1 (except for a small region around sin(/3 — a) ~ — 1 and 
tan/3 < 5), while a suppression of the gluon fusion production is possible for positive values 
of sin(/3 — a). This is due to cancellations between the sin(/3 — a) and cos(/3 — a) terms in the 
top Yukawa coupling, in particular, for low tan /3. The bottom loop contributes significantly 
when tan (3 is large, which enhances the gluon fusion production cross section. 



Bi(H° — > VV, 77)/BrgM can also be expressed similar to Eq. (16): 

cos 2 (/3— a) 



BR(H° XX) _ V 
BR(/i SM -)• XX) ~ f 



pSM 
XX 1 total 
pSM 
1 XX 



total 



cos2(/3- a )Br(fc SM ->Vy)+^|Br(h S M^6b)+.. 

r(H°^77)/r(/ t g M ^77) 

cos 2 (/3-a)Br(/i S M^Vy)+^|^Br(/ lS M^b6)+.. 



(19) 



with the contour lines given in the right panel of Fig. 10 A relative enhancement of the 
branching fractions over the SM values are observed in extended region of negative sin(/3— a), 
while it is mostly suppressed for positive sin(/3 — a). 

Combining the production cross sections and the decay branching fractions, contours of 



gg — > H° — > XX are given in Fig. 11 for 77 (left panel) and WW/ZZ channels (right panel). 
Requiring the cross section to be consistent with the observed Higgs signal: 0.9 — 2.2 for 
the 77 channel and 0.2 — 1.4 for the WW/ZZ channel, results in two distinct regions: a 
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FIG. 11: <7 x Br/SM for the processes gg -> if -> 77 (left), and gg ^ H° ^ WW/ZZ (right) 
in the i7°-126 case. The contour lines are cr x Br/SM = 0.5 (green), 1 (red), and 2 (blue). The 
shaded gray regions correspond to ones with cross sections of 77 and WW/ZZ channels satisfy 



Eq. (12). 



region close to sin(/3 — a) ~ 0, and an extended region of —0.6 < sin(/3 — a) < —0.1. 



Fig. 12 shows the correlation between the 77 and VV channels. Most of the points falls 
into the diagonal region: 77 : VV ~ 1. The 95% C.L. exclusion limits from current Higgs 
searches of WW and ZZ channel limits a x Br/SM < 1.4 for 77 channel as well. A second 
branch of 77 : WW ~ 2 also appears, which corresponds to the very low tan /3 < 1 region 



in Fig. 11 This region is strongly constrained by the flavor bounds, and is therefore not 
considered further in our study. 



B. Parameter Spaces 

We now present the results for if °-126 case with the full parameter scan, including all the 



theoretical and experimental constraints. Fig. 13 presents the parameter regions in tan /3 
versus sin(/3 — a). The color coding is the same as in Fig. |1J except that the signal regions in 
dark red are those with the heavy CP-even Higgs H° interpreted as the observed 126 GeV 
scalar. 
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sin(P - a) 



FIG. 13: Parameter regions in the H°-126 case for tan/3 versus sin(/3 — a). Color coding is the 
same as Fig. [4] except that the dark red regions are the ones consistent with the heavy CP-even 
Higgs interpreted as the observed Higgs signal. 
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Requiring the heavy CP-even Higgs to satisfy the cross section ranges of the observed 
Higgs signal results in two signal regions: one region near sin(/3 — a) ~ and an extended 
region of —0.6 < sin(/3 — a) < —0.1, consistent with Fig. 11 Note however that the region 
around sin(/3 — a) ~ is actually reduced to tan/3 < 7. This is because larger values of 



tan/3 leads to smaller rrih such that rrih < rrin/^ (see right panel of Fig. 14 below). The 



opening of H° — > h°h° channel reduces the the branching fractions of H° — > WW/ZZ, 77 to 
be outside the signal cross section region. Regions surviving the flavor bounds are the ones 
enclosed by black curves. Larger values of tan/3 > 17 are disfavored. 
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FIG. 14: Parameter regions in the H°-126 case for sin(/3 — a) versus rrih (left panel) and tan/3 



versus rrih (right panel). Color coding is the same as Fig. 13 



Fig. 14 shows the parameter region in sin(/3 — a) versus rrih (left panel) and tan (3 versus 
rrih (right panel). Within the narrow region around sin(/3 — a) ~ 0, rrih can take all values 
up to 126 GeV. For -0.6 < sin(/3 - a) < -0.4, when the H°WW, H°ZZ couplings could 
significantly deviate from the SM value while h°WW, h°ZZ couplings are sizable, the light 
CP-even Higgs mass is constrained to be larger than about 80 GeV from LEP Higgs searches 
[33j [3l]. This is the interesting region where the two Higgses are close to being degenerate, 
with both h° and H° showing significant deviation of their couplings to gauge bosons from 
the SM value. 



The right panel of Fig. 14 shows the parameter region of tan/3 versus rrih- Larger values 
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of tan/3 is only allowed for small values of rrih- The red region where rrih < 60 GeV and 
tan j3 < 5 can not satisfy the Higgs signal cross section requirement due to the opening of 
H° — > h°h° mode, which corresponds to the rrih < 60 GeV, sin(/3 — a) ~ red region in 



the sin(/3 — a) versus rrih plot (left panel of Fig. 14). Imposing the flavor bounds further 
rules out regions with light rrih below about 25 GeV, mainly due to the process B s — > p + /i~. 
Large values of tan/3 > 17 are excluded correspondingly. 



Fig. 15 shows sin(/3 — a) versus mA,H± (left panels) and tan/3 versus mA,H± (right panels). 
The plots for rriA and m#± are very similar, except for very low masses. Very large values 
of rriA t H ± ^ 800 GeV are excluded by theoretical considerations, similar to the /i°-126 case. 
m a < 80 GeV and tan/3 > 5 are excluded by the LEP Higgs search [33J, while the triangle 
region of 130 < rriA < 250 GeV and tan/3 > 13 is excluded by the LHC searches for the 
CP-odd Higgs in rr mode [38, 39J. For the charged Higgs, small values of m H ± < 80 GeV 
are ruled out by LEP searches on charged Higgs [35j [36] . Tevatron and the LHC charged 
Higgs searches [SHUSH]: t H±b —7- ru T b further rule out regions of rrin± < 150 GeV and 
tan/3 > 17. The small triangle in m H ± versus tan/3 plot for 200 GeV < rn H ± < 300 GeV 
and tan /3 > 25 is translated from the corresponding region in tan /3 versus m>A, due to the 
correlation between rriA and introduced by Ap, as shown below in Fig. [THJ Imposing 
the flavor constraints further limits itla ^ 250 GeV, > 300 GeV and tan /3 < 17. 

rriA and exhibit a much stronger correlation in the H°-12Q case, mostly due to the 



the Ap constraints, as shown in the left panel of Fig. 16 Comparing with the /i°-126 case, in 
which m,u could be large with a relaxed constraints on tua and mn± mass correlation, in the 
if°-126 case, both rrih and ran are relatively small, tua and should therefore be highly 
correlated in order to avoid large custodial symmetry breaking in the Higgs sector. However, 
there is a small strip of allowed region at mn± ~ 100 GeV with itla between 150 — 700 GeV. 
This region escapes the Ap constraint since for rrin± ~ ~ m^, the contribution to Ap 
introduced by the large mass difference between rriA and m H ± is cancelled by the (h°, A ) 
loop and (H°, A ) loop. Imposing the flavor constraints again limits m#± to be larger than 
300 GeV. rriA is constrained to be more than 250 GeV as well due to the correlations. 



The right panel of Fig. [16] shows the parameter region of rriA versus rrih, which does not 
show much correlation. For rrih ^ 90 GeV, low values of rriA ^ 100 GeV is excluded by LEP 
searches of h°A° channel [22] . High values of rriA ^ 600 GeV are excluded for rrih < 90 GeV. 
This is because such a large value of rriA can only be realized for | sin(/3 — a)\ > 0.3 (see 
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FIG. 15: Parameter regions in the H°-126 case for sin(/3 — a) versus uia (upper left panel) and 
tan/3 versus ttia (upper right panel), as well as similar plots for (lower panels). Color coding 
is the same as Fig. [13} 



the upper-left panel of Fig. 15). Such regions of | sin(/3 — a)\ > 0.3 and rrih < 90 GeV are 
excluded by the LEP Higgs search of h°Z channel |34l . as shown clearly in the versus 



sin(/3 — a) plot (left panel of Fig. 14). Such excluded regions for large (and large m H i 



due to correlation) also appears in the tan/3 versus tua (ni H ±) plots in Fig. 15 
We end the section with the following observations: 
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m H+ [GeV] m h [GeV] 

FIG. 16: Parameter regions in the H°-126 case for tua versus m#± (left panel) and mh (right 



panel). Color coding is the same as Fig. 13 



Contrary to the h°-!26 case, fixing the heavy CP-even Higgses to be the 126 GeV 
resonance forces us into a small narrow region of sin(a — 0) ~ with tan /3 < 7 or an 
extended region of —0.6 < sin(a — f5) < —0.1 with far less restricted value of tan f3. 

The light CP-even Higgs can have mass of any value up to 126 GeV, with smaller 
only allowed for sin(/3 — a) ~ 0. Note that the case of nearly degenerate h° and H° is 
allowed, as studied in detail in Ref. [19]. 



rriA and m#± exhibit strong correlations: rriA — ttih±, due to Ap constraints. 

Flavor bounds impose the strong constraint: tan /3 < 17, > 20 GeV, and >300 
GeV. rriA is also constrained to be more than 250 GeV due to the correlation between 
rriA and m#±. 



VI. OTHER HIGGS CHANNELS 



Thus far, we have concentrated on the gluon fusion production mechanism and the dom- 
inant 77, ZZ and WW decay channels for the Higgs. The vector boson fusion channel is 
another important production channel for the CP-even Higgses. For certain Higgs decay 
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channels, for example, rr mode, VBF production is the one that provides the dominant 
sensitivity due to the excellent discrimination of the backgrounds using the two forward tag- 
ging jets and the central jet- veto |3S]. Other production channels, VH and ttH associated 
production, can also be of interest for Higgs decay to bb. In this section, we discuss the 
cross sections in other search channels for both h° and H° when they are interpreted as the 
observed 126 GeV scalar. 
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FIG. 17: a x Br/SM for VBF/VH h° -> WW/ZZ (solid curves in left panel), 77 (dashed 
curves m left panel) and VBF/VH -)• h° ->• 66/tt (right panel) for the h -126 case. The contour 
lines show a x Br/SM = 0.5(green), 1 (red) and 2 (blue). The shaded gray regions correspond to 



ones with cross sections of 77 and WW/ZZ channels satisfy Eq. (12). 



In Fig. 17, we show the normalized cross sections for the WW/ZZ, 77 (left panel) and 
bb/rr (right panel) final states via VBF or VH associated production (both production 
cross sections are controlled by h°VV coupling) in the tan/3 versus sin(/3 — a) plane for 
the h°-12Q case. For VBF/VH — » h° — > WW/ZZ, both the production and decay are 
proportional to sin(/3 — a), resulting in regions highly centered around sin(/3 — a) ~ ±1 for 
any enhancement above the SM value. For the currently preferred gray Higgs signal regions 
near sin(/3 - a) ~ ±1, VBF/VH -»■ h° -»■ WW/ZZ is typically in the range of 0.5 - 1 
of the SM value, while a strong suppression of 0.1 could occur in the extended sin(/3 — a) 
signal regions with small tan/3 < 1. 
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For VBF/VH — > h° — > bb/rr, the cross section is suppressed for most of the regions, 
except in the neighborhood of sin(/3 — a) = ±1 where SM rates can be achieved. The current 
preferred signal regions typically have a suppression of 0.5 or stronger for this bb/rr channel. 
There is also a strong inverse correlation between the WW/ZZ and bb/rr channels, since 
an increase in bb decay branching fraction can only occur at the expense of WW. 
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FIG. 18: a x Br/SM for VBF/VH H° -»■ WW/ZZ, 77 (left) and VBF/VH -> H° bb/rr 



(right) for the H°-126 case. Color coding is the same as in Fig. 17 



Fig. 18 show the ax Br/SM plots for VV, 77, and bb/rr channel via VBF/VH production 



for the if °-126 case. The qualitative features of the VV, 77 plot is the same as that of Fig. 11 
The currently favored gray signal regions typically correspond to a normalized cross section 
of VBF/VH ->■ H° -> VFVF/ZZ around 1 as well. 

The bb/rr channel, however, exhibits a very different behavior. For two regions of —0.6 < 
sin(/3 — a) < —0.1 and < sin(/3 — a) < 0.6 (regions enclosed by the red curves in the right 



panel of Fig. 18), a normalized cross section of at least the SM signal strength can be 
achieved. A strong suppression, sometime as small as 0.1, can be obtained in the other 
regions. The currently favored gray signal region near sin(/3 — a) ~ corresponds to ct/ctsm 
of order 1 for VBF/VH — > H° — > bb/rr channel, while a suppression as large as 0.5 is 
possible for the extended regions in negative sin(/3 — a). The inverse correlation between 
bb/rr and WW channels also appears in the if°-126 case. 
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We also studied gg —¥ h°,H° — y bbjrr channel for both the h°-126 and H°-12Q cases, 
and noticed that for the currently favored higgs signal regions, a factor of 2 enhancement 
could be realized. 

VII. CONCLUSIONS 

In this paper, we presented a detailed analysis of the Type II 2HDM (with an imposed 
Z 2 symmetry) parameter space, identifying either the light or the heavy CP-even Higgs as 
the recently discovered resonance at 126 GeV. We scanned the remaining five parameters 
sin(/3 — a), tan/3, tha, rn H ±, and toh or while fixing either or ran to be 126 GeV. 
We took into account all the theoretical constraints as well as current experimental search 
limits on the Higgses. We further studied the implications on the parameter space once 
flavor constraints are imposed. We found unique features in each of these two cases. 

In the fo°-126 case, we are forced into regions of parameter space where sin(/3 — a) ~ 
±1, and tan/3 is not too large (< 4), or extended regions of —1 < sin(/3 — a) < —0.2, 
0.2 < sin(/3 — a) < 0.4 with tan/3 < I. There is, however, a wide range of values that are 
still allowed for the masses of the heavy CP-even, pseudo scalar and charged Higgses. The 
Higgs masses are typically not correlated, except in the region where sin(/3 — a) > and 
m A,H ± ^ 600 GeV, which exhibit a strong correlation between uia and m H ± because of the 
Ap constraint. Imposing flavor constraints further restricts sin(/3 — a) to be near —1 or 
between 0.6 to 1, and m H ± > 300 GeV. 

In the if°-126 case, we are forced into an orthogonal region of parameter space where 
sin(/3 — a) ~ 0, tan/3 < 7 or an extended region of —0.6 < sin(a — 0) < —0.1 with less 
restricted tan/3, itla and m#± exhibit strong correlations: itla — itih ± , due to the Ap 
constraint. The interesting scenario of the light CP-even Higgs being close to 126 GeV 
still survives. Imposing flavor bounds further shrinks the parameter space considerably: 
tan/3 < 17, m h > 20 GeV, m H ± >300 GeV, and m A > 250 GeV. 

We find that in either of these scenarios, one can identify regions of parameter space that 
pass all theoretical and experimental bounds and still allow a slightly higher than SM rate 
to diphotons. 77 and WW/ZZ rates are most likely strongly correlated: 77 : VV ~ 1 for 
the normalized cross sections. It is possible, though much less likely, that for /i°-126 case 
with negative sin(/3 — a), a factor of two enhancement of 77 rate can occur, accompanied 
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by the WW/ZZ rate around the SM value. 

We further studied the implication for the Higgs production via VBF or VH process, 
and decays to bb, rr channels. We found that in the hP-126 case, both VBF/VH — > 
h — > bb/rr, WW/ZZ could be significantly suppressed in the Higgs signal region. For the 
#°-126 case, VBF/VH ->■ H° -> WW/ZZ channel is almost the SM strength. Possible 
suppression of bb/rr channel up to 0.5 is possible for the extended signal regions in negative 
sin(/3 — a). Future observation of the bb and rr modes can provide valuable information for 
the parameter regions of the type II 2HDM. 

Comparing to the Minimal Supersymmetric Standard Model, with its Higgs sector being 
a restricted type II 2HDM and the tree level Higgs spectrum completely determined by itla 
and tan j3, the parameter regions of the general Type II 2HDM is much more relaxed. Unlike 
the MSSM in which the h°-126 case corresponds to the decoupling region of itla > 300 GeV, 
and the if °-126 GeV case corresponds to the non-decoupling region of tua ~ 100 — 130 GeV 
[IS], the value of rriA in the general Type II 2HDM could vary over the entire viable region 
up to about 800 GeV. The MSSM relation of ttia ~ rn H ± ~ m H in the decoupling region is 
also much more relaxed in the Type II 2HDM. No obvious correlation is observed between 
rriA, ttih±, and m# for the h°-126 case, except for the region with large v(Ia,h± ^ 600 GeV. 

Observations of extra Higgses in the future would further pin down the Higgs sector 
beyond the SM. While the conventional decay channels of Higgses to SM particles continue 
to be important channels to search for extra Higgses, novel decay channels of a heavy Higgs 
into light Higgses or light Higgs plus gauge boson could also appear. Future work along the 
lines of collider phenomenology of multiple Higgs scenarios is definitely warranted. 
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